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ABSTRACT

Residual stress and texture were characterized in the rim of a cast steel 
railroad wheel, using both an electromagnetic-acoustic transducer (EMAT) and 
a piezoelectric transducer. Orthogonally polarized shear-horizontal waves 
were propagated through the thickness of the rim, and arrival times measured 
(in pulse-echo) with a precision of about 10“5. The difference in arrival 
times (birefringence) is related to the difference of principal stresses and 
also to texture.

The wheel had been sawcut in a previous experiment; the residual stress 
had been relieved at the sawcut. The birefringence was measured at the 
sawcut and subtracted from the birefringence measured at stressed regions.
This allowed us to map out variations in stress around the circumference of 
the wheel. Stresses measured with the EMAT and piezoelectric transducer 
agreed to within 10 MPa.

INTRODUCTION

The presence of residual stresses in railroad wheels can be a signifi

cant factor in wheel failure. These residual stresses have two origins:
(1) stresses due to fabrication of the wheel, and (2) in-service stresses 
Induced by drag-braking. For cast steel wheels (the most common type in the 
US), fabrication stresses occur as the wheel cools in the mold; differential 
shrinkage gives rise to thermal strains (and stresses). If these stresses 

are above yield (for the corresponding temperature), then inhomogeneous 
plastic deformation results. Residual stresses are then necessary so that 

compatibility is satisfied; e.g., so all regions of the wheel fit together 

without voids, etc.

The same process that creates residual stresses on cooling also occurs 

(in reverse) during braking. The heat input into the tread of the wheel 

(region in contact with the rail) causes expansion of this region of the 
wheel, especially the rim. Each volume element of the rim tries to expand, 
but is constrained by its neighbors. Consequently, thermal expansion during 
braking causes a compression; if these compressive stresses exceed yield, 
inhomogeneous plastic deformation results. As the wheel cools after braking,
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a tensile hoop stress may result to make all the regions of the rim "fit 

together."
We note that residual stresses due to casting will (probably) be 

compressive, whereas those due to excess braking will (probably) be tensile. 
If the latter stresses exceed the former, then the rim will be in a state of 

net tensile stress. Consequently, if a crack occurs in the rim, these 

tensile stresses can act as crack-driving forces, leading to wheel failure.

It is highly desirable to have a nondestructive testing method for 

measuring such residual stresses. One promising technique which has been 

investigated is the acoustic birefringence technique. It can be shown (both 

analytically and experimentally) that the presence of stress in metals 
induces a small velocity change (acoustoelastic effect). Subject to certain 
restrictions, the difference in velocity of orthogonally polarized shear- 

horizontal (SH) waves will be proportional to the difference of principal 

stresses. This (normalized) difference in velocities is called the acoustic 
birefringence, in analogy to the birefringence effect in photoelasticity.

Piezoelectric SH-wave transducers have been used to measure the residual 

stress state in Japanese rolled steel wheels [1,2]. The birefringence was 

measured in the as-received state (residual stresses due to rolling), after 

drag-braking (additional stresses due to thermal expansion), and after 

cutting into blocks (stress-relieved). The total residual stress (measured 
ultrasonically) was compared with destructive measurements; the two agreed to 

within hO MPa [1,2].
In this paper, we present results of a study on the feasibility of using

ultrasonics to characterize residual stress states in cast steel wheels of US
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manufacture. We were interested in using electromagnetic-acoustic trans
ducers (EMATs) for these measurements.

The EMAT has the advantage that it requires no acoustic couplant to 
generate sound in a metal (or other conductor). Consequently, an EMAT can be 
scanned, rotated, etc. over the rim of the wheel with ease. Being non

contacting, it may require less preparation of the surface (where sound is 

generated) than piezoelectric devices. To determine whether these potential 

advantages could be realized in practice, we performed a series of experi

ments on a cast steel wheel which had been removed from service. We measured 

the birefringence with an SH-wave EMAT using a simple velocity measurement - 

system (described later). Since the birefringence method using piezoelectric 
transducers had been successful in determining residual stresses [1,2], we 

measured the birefringence using both an EMAT and a piezoelectric transducer. 

(In fact we used the same transducer as was used in Refs. 1 and 2.) The 

residual stress, as measured by both devices, was found to be in excellent 

agreement.

THEORY
It can be shown that stress causes a (small) change in phase velocity in 

metals. Consider the case of a homogeneous, isotropic metallic plate in a 

state of plane stress. Let a pure-mode shear-horizontal (SH) wave be 
■propagated through the thickness of the plate; the wave is polarized first 

along the (principal stress) axis, and then along the o2 axis, with 
corresponding transit times T1 and T2. The acoustic birefringence, B, is 
defined as the normalized difference in arrival times; it is proportional to 
the difference of principal stress



B (1a)
T - T 2 1

( 1 / 2 ) (Tg ♦ )
C (o - o ) AV 1 r

N.Qte that since both SH-waves travel through the same material thickness,

B
V - V 1 2

( 1 / 2 ) ( V 1 + V Ub)

where V1 is the phase velocity of an SH-wave polarized along oi, etc.
The magnitude of the stress-acoustic constant, CA , is rather small 

(about - 7 . 6 ( 1 0 “ 6 ) / M P a  for railroad wheels [1,2]). Consequently, the stress- 

induced birefringence is also small. In fact, for many common structural _ 

elements, there will be unstressed birefringence, BQf due to fabrication 

processes (rolling, casting, etc.) which is the same magnitude as the 
stress-induced birefringence.

The theoretical problem of an SH-wave propagating through a slightly 
anisotropic body in a state of plane stress has been solved by Iwashimizu and 

Kubomura [3] and also by Okada [4]. For brevity, we repeat only the results 

of their calculations here.

It was found that pure-mode SH-waves could only be propagated when the 

waves were polarized along certain directions (also called acoustic axes). 

These axes were oriented at angle $ relative to the axes of material symmetry 

(to be defined later); <p is given by [3]:

tan 2<p- Bo
2 ca

* CA<" °22)

( 2 )

Here the normal stresses o1 ̂ , c^* and the shear stress, o-|2» are referenced to
the material symmetry axes. In the absence of shear stress, the acoustic
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axes coincide with the material symmetry axes. Plane stresses are assumed in 
the above.

The birefringence (difference in velocity of SH-waves polarized along 

the acoustic axes) is given by [3]

■ [Bq + (o11 ” 022) ^  + (3)

Note that equation (3) reduces to (1) when there is no shear stress, and no 

unstressed birefringence.
A discussion of material symmetry axes is in order here. Normally one 

treats common alloys such as steel and aluminum as isotropic. However, as 

stated previously, processes such as rolling and casting induce a preferen
tial orientation of the crystallographic axes of the grains (single crystals) 
which made up the structural elements. It is this anisotropy that gives rise 

to the unstressed birefringence, B0. The directions of the preferential 
orientation are the material symmetry axes.

We note that the theory which leads to equations (2) and (3) assumes 

orthotropic symmetry; i.e., that any small volume element of the material 

has three axes of 2-fold symmetry. This assumption works quite well for 

rolled plates of aluminum and steel alloys. One of the purposes of our 

experiments was to test its validity for cast steel wheels.

EXPERIMENT 
Railroad Wheel

A cast steel wheel, shown in Fig. 1, was obtained from the Dept, of 
Transportation Test Center in Pueblo, Colorado. This wheel has been removed

6



from service based on the "M-inch rule" [5] to prevent possible failure due 
to buildup of residual stresses induced by braking.1 (If such stresses are 
tensile, they become crack-driving forces for any cracks existing in the 

wheels.)
The wheel had been sawcut as part of a test program being conducted by 

the American Association of Railroads for DOT. Consequently, the circum

ferential (hoop) stress had been relieved at the sawcut.

The wheel was milled at several locations on the front and back faces of 

the rim. The milled locations are indicated in Fig. 1, and a cross-section 

of the rim is shown in Fig. 2. The milling was done to give a smooth surface 

for coupling acoustic energy from a piezoelectric transducer into the wheel 
(as described later). No particular effort was made to make the milled 

surfaces plane-parallel.
In addition, other locations around the circumference of the wheel were 

cleaned by a variety of techniques. Some locations were merely hand-sanded 

to remove surface rust, leaving large pitted areas on the surface. Others 
were ground with a hand-grinder, and then sanded. This was done to charac

terize the effect of surface preparation on the velocity measurements made 

with electromagnetic-acoustic transducers (EMATs).
All measurements were made with the center of transducer aperture 19 mm 

from inner edge of the rim, as shown in Fig. 2.

Velocity Measurement System
A simple time-interval-averaging system was used for birefringence 

measurements; the setup used with the EMAT is shown in Fig. 3. The essentials 
of operation are as follows. When the pulser excites the transducer, it

dimply put, the rule prescribes that if a band of discoloration greater than 
4 inches wide forms near the rim, the wheel is to be removed.
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also excites a time-interval probe which generates a TTL pulse which sends a 
START signal to a counter. The counter runs at 100 MHz clock rate until it 
receives a STOP signal. To suppress the effect of noise (a significant 
problem with EMAT operation), the counter can be set to average many such 
time intervals. We typically used an average of 103 such intervals.

We wished to avoid dependence of arrival time measurements on signal 

amplitude. This was accomplished as follows. The received signal was 

amplified by a broadband receiver, followed by a high-pass filter to remove 

any variations in dc level with amplifier gain. The signal was then input to 

the STOP probe, which generates a TTL pulse when the signal reaches a 

selected threshold. In order to make arrival time measurements insensitive 
to amplitude variations, the threshold level was set to 0 volts. The output 
of the probe was input to a specially constructed digital delayed gate (DDG), 

described in more detail in the APPENDIX. In essence the DDG accomplishes 
the same purpose as a distortion-free analog gate, but does so by using logic 

circuit electronics.
The STOP probe will, of course, generate a signal each time the voltage 

level reaches zero. Since the EMAT system has a low signal/noise ratio, it 

is necessary to eliminate the STOP probe output pulses which correspond to 

those zero crossings generated by noise (rather than the echo received by the 

transducer). Typically, we set the delay on the DDG so that its output 

corresponded to a selected zero crossing in the r.f. echo waveform.

Velocity Measurements with EMATs
The wheel was placed in a horizontal position; since the EMAT contained 

a permanent magnet, no fixture was necessary to keep it in place. Measure
ments were made in the pulse-echo mode, with the transducers (both EMAT and
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piezoelectric) placed on the back face of the rim.
The EMAT has an aperture 1 cm x 1 cm and was excited with a quasi- 

monochromatric tone burst having a frequency of 2.8 MHz. Arrival times were 
measured with the EMAT polarized in the radial (r) and circumferential (e) 
directions. For the cast steel wheel used here, only the first echo was 

useable for these measurements; the signal/noise ratio was too small for the 

second echo and further echoes could not be distinguished from noise on the 

scope trace.

Our measurements were conducted in close proximity to a welding 
laboratory and a laboratory equipped with mechanical testing machines (a 

noisy r.f. environment). Nevertheless, the precision in arrival time 
measurements made with our time-interval averaging system was ±1 ns (or 
better); since the arrival time of the first echo was approximately 90 jis, 

our (electronic) precision is of the order of 10 ppm. This was achieved with 

a signal whose amplitude (after amplification) ranged from about 200 mv to 
about 800 mv (zero to peak).

We observed that the signal amplitude varied with orientation; in fact, 

the peak amplitude was about twice as large for an SH-wave polarized in the 

radial direction as in the circumferential direction. Consequently, it is 

essential that the STOP signal to the counter be triggered by a TTL pulse 

(from the STOP probe) which corresponds to a zero crossing (phase * 2 nn) in 

the received r.f. waveform (1st echo).
The permanent magnet in our EMAT has a rotationally symmetric magnetic 

field. This is important, since it avoids the possibility that magnetic 
hysteresis effects could cause variations in the efficiency of converting 
electromagnetic energy into acoustic energy as the EMAT is rotated.

9



We also observed an increase in signal strength if the EMAT was left in 
a given location for several hours. This is possibly due to an increase in 
magnetic induction caused by the permanent magnet. (The amplitude of the 
acoustic signal is proportional to the magnitude of the applied magnetic 
induction in the skin depth of an electromagnetic wave incident on the 

wheel).
Relative velocity (birefringence) measurements were made with the EMAT 

polarized first in one principal stress direction (e.g. radial direction) and 

then in the orthogonal direction. This operation was repeated at least three 

times, since it was observed that arrival time measurements at the same 

location with the same orientation exhibited a scatter typically of the order 
of about 5 ns. The arrival times in each orientation were averaged, and the 
differences (of the two averages) were taken to give the birefringence:

<T > - <T„>
B = ------------5---- (in~ 1/2(<Tr> + <T0>) K 1

where <T0> is the average arrival time of the SH-wave polarized in the 

circumferential direction, etc.

We attribute the scatter in arrival times to variations in the coupling 

between EMAT and wheel surface. Even though EMATS are noncontacting devices, 

there are effects of liftoff (distance between EMAT and surface). One effect 

is, of course, a decrease in the amplitude of the acoustic signal generated 
by the EMAT.

A second (usually smaller) effect is a phase shift (in frequency space)

or an equivalent delay in the time domain. One explanation for this phenome

non- is as follows. Consider the equivalent circuit for the EMAT. This
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consists of the inductance of the EMAT coil, plus a complex impedance due to 
the electromagnetic field set up by the EMAT in the skin depth of the conduc
tor beneath it £6]. This impedance consists of a resistance (eddy current 
resistance) plus an inductance. The impedance (in frequency space) has been 

shown to be a function of liftoff [6], so variations in liftoff will give 

variations in arrival times.

Variations in liftoff come from two sources in our experiments. At 

locations which have not been milled, there are pits remaining on the surface. 

Since the EMAT is not precisely registered each time it is placed on the 

surface, the effective liftoff varies from one placement to another.

The other source of liftoff is caused by the construction of the EMAT 
itself. A copper shield is placed over the front of the EMAT; the shield has 
an aperture 1 cm x 1 cm cut in it. (This is done to obtain a linearly 

polarized SH-wave). The copper shield is not flat; it has small bulges which 

must be flattened out by a (small) force applied to the case which houses the 
EMAT. To apply a constant force, we usually placed a weight on top of the 

EMAT case. This partially succeeded in reducing liftoff variations, but still 

left the previously mentioned spread of about 5 ns in arrival times.

Velocity Measurements with Piezoelectric Transducers

We wished to compare our EMAT measurements with those performed using 

conventional piezoelectric transducers. We used a specially made device 
(fabricated at Osaka University) which consists of two transducers of PZT; 

the transducers were oriented so that they generate orthogonally polarized 
SH-waves, and then one transducer was bonded on top of the other. Leads were 
arranged so that by throwing a switch, either the top or bottom transducer 
could be separately excited.
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A powder backing made of copper and epoxy is bonded above the rubber to 
act as an acoustic absorber and increase the bandwidth of the device. A 
small piece of rubber was bonded to the backing material ; even if the axis 
of the device is not normal to the wheel surface, the transducers'will have 

enough freedom to rotate so that they are tangent to the surface.

The piezoelectric transducer was spring-loaded to ensure a constant 

pressure on the viscous couplant which was used to couple a shear wave into 

the wheel. The device which housed the transducer and the spring was mounted 

on the wheel with a stand which had a magnetic base.
The electronics use to drive this stacked transducer device was different 

from that used to drive the EMATs; compare Figs. 3 (EMAT) and 4 (PZT). The 

reason for using two different arrangements is as follows.
With the PZT device, the waveforms generated by the upper and lower 

transducer are different; the upper transducer is "loaded" on its front face 
by the lower transducer, whereas, the lower transducer is "loaded" on its 

front face by the wheel. When using the gated amplifier (shown in Fig. 3), 

we could not identify corresponding zero crossings in the waveforms generated 

by the lower and upper transducer.

Consequently, we used a simple pulser which shock-excited the PZT 

transducers. By properly tuning an impedance-matching device connected between 

pulser and transducers it was possible to obtain clearly identifiable features 

in the waveforms generated by each transducer and identify the corresponding 

zero crossings.
We found that (for the same receiver gain) the signal received by 

the upper transducer was always smaller than that of the lower transducer. 
Furthermore, the waveforms generated by the transducers were not purely
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sinusoidal. We attempted to compensate for this by changing the receiver 
gain so that the peak signal amplitude was the same in both waveforms.

We used the following procedure. The signal received by the lower 
transducer usually had a peak amplitude of about 400 mv with the (variable) 

receiver gain set to zero.2 Consequently, the vertical amplifier on the 

oscilloscope (volts/division) was first set on 200 mv/division, and then 

taken out of calibration and adjusted until the peak of the waveform was two 

(large) units above the "ground" level (with the scope operated in the d.c. 

mode, rather than a.c.). The switch (shown in Fig. 4) was then thrown so 

that the signal from the upper transducer was received and displayed on the 

scope with the (uncalibrated) gain on the vertical scope amplifier unchanged, 
and the variable gain on the receiver was changed until the peak waveform for 

the upper transducer reached the same level on the oscilloscope (two large 
units) as that of the lower transducer. We found that this procedure seemed to 

result in the minimum shift in apparent arrival time with gain (about 20 ns).

Using the above procedure is a somewhat arbitrary choice, since we noted 

a change in apparent arrival time with receiver gain. In fact, we would 

expect some differences in birefringence as measured with the EMAT and the 

PZT transducer. With the EMATs, using a toneburst, zero crossings correspond 

to zero phase in the echo. For shock-excitation of the PZT transducers, 

which do not have a purely sinusoidal response, zero crossings do not 

necessarily correspond to zero phase, since a change in gain caused a change 

in time of zero crossing. In fact, we expect some systematic errors 6t0 and 

6tr in PZT arrival time measurements.

2The receiver has a fixed gain of about 30 db, plus a variable gain.
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However, if we use a consistent arrival time measurement procedure, we 
expect that the difference between birefringence measured by EMAT and PZT 
will be constant. The results of our measurements seemed to bear this out, 

as will be shown subsequently.
Note that one advantage of the design of this stacked transducer is 

that couplant thickness variations are eliminated; both transducers generate 

SH-waves which propagate through the same couplant thickness. The arrival 

time of an SH-wave in the upper transducer will, of course, be increased by 

twice the time an SH-wave requires to propagate through the lower transducer.

To compensate for this, the arrival times for both transducers were first 

measured with the lower transducer polarized in the radial direction; then 
the (stacked) transducer was rotated 90°, and the new arrival times measured. 

The birefringence was calculated from

B 5 1/2[(t ££) + t£u)) - (t £A) + t £u ))]/T0 (5)

where superscripts (£) and (u) refer to lower and upper transducers respec

tively; e.g., T^a  ̂ is the arrival time measured with the lower transducer 
polarized in the radial direction. TQ is  the average of a ll arrival />

times.

RESULTS 

Texture Study
The theory of acoustoelasticity which led to the relations (2) and (3) 

was based on the assumption of orthotropic symmetry [3,^3. which usually 
occurs in rolled plates of aluminum and steel alloys. Since we are dealing



with a cast steel wheel, it was necessary to characterize the texture (pre
ferred orientation) to see whether the theories of Refs. 3 and 4 could be 

applied to our wheel.
It has been observed that for a slightly orthotropic rolled plate, the 

measured arrival time of an SH-wave (propagating through the plate at normal 

incidence) varies in a sinusoidal manner [7]. The maximum and minimum 

^arrival times are obtained when the transducer is polarized along the acous

tic axes. (For a treatment of the theory behind this effect, see Ref. 7.)
We measured the angular variations of arrival times in the sawcut wheel. 

Locations 1 and 2 on the wheel (adjacent to the sawcuts) have experienced a 

relief of hoop stress. We used our EMAT to measure the arrival time varia
tion at location 1 as the transducer was rotated; the result is shown by the 

solid line in Fig. 5. The velocity is fastest for a wave polarized in the 

radial (r-) directions and slowest for the wave polarized in the circum

ferential (6-) direction.

To be sure that the acoustic axes are oriented along radial and cir
cumferential directions at stressed locations in the sawcut wheel, we also 

measured the angular variation of arrival times at location 4 (see Fig. 1). 

This location was 90° around the wheel circumference from the sawcuts; hence, 

the residual stress there should not be completely relieved by the sawcuts.

The angular variation of arrival times at locatioh 4 is shown as the 

dotted line in Fig. 5; the data show that the radial and circumferential 
directions are still acoustic axes for stressed locations. Consequently, a 
necessary condition for the application of the theory of Refs. 2 and 3 has 
been satisfied.
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Furthermore, we see that the radial and circumferential directions still 
appear to correspond to the fast and slow acoustic axes, respectively. The 
material symmetry axes still coincide with the principal stress axes, and 

from equation (2) the shear stress org vanishes. The birefringence equation

(3) becomes

B ~ B0 ■ CA(oe - or) (6)

for the cast wheel.

The unstressed birefringence, B0, was measured at locations 1 and 2 (on 

either side of sawcuts). The values were slightly different at each of the 
two locations, and were different for EMATs and the PZT transducer; see 

Table 1.

Table 1. Values of Unstressed Birefringence

Location Transducer fiodo"1*)

1 PZT 7.6
2 PZT 6.2
1 EMAT 8.1
2 EMAT 7.4

We took the average of the unstressed birefringence measured at locations 1 

and 2 as the value of BQ to be used in equation (6); for the PZT measure
ments, we have BQ - 6.9(10“^); for the EMAT, B0 - 7.8(10“^). The difference
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between these values may be due to the way arrival times are measured with 
the EMAT and PZT transducers, as described previously.

Birefringence Measurements
The birefringence was measured at the milled regions 1-6, using the PZT 

transducer. The milled surface was about 18 cm long (arc length) at each region; 

see Fig. 1. We measured B at least three times at each milled region. The 

birefringence was measured near the center of each milled region. The values 

of birefringence thus obtained are plotted in Fig. 6; note that the vertical 

axis actually equals -B since we defined B - (Tp - Te)/T0. The error bars 

represent the standard deviation of the (three or more) measurements of B at 
each of the 6 milled regions.

Also shown in Fig. 6 are the results of EMAT measurements on the milled 
surfaces. With the EMATs, we measured B at three separate locations on each 

milled region; we measured at the center of the milled region and at loca

tions ± 25 mm from the center. Consequently, B was measured at a total of 18 
locations. At each location, we measured B at least three times. We took 

the average of all measurements at a given milled region (9 or more) as the 

value of B. This tends to minimize any (local) variation in BQ; recall that 

B - BQ + CA(o0 - op).
Values of B thus obtained are in good agreement with PZT values. Note 

that the PZT values are usually lower than EMAT values; this "d.c. shift" is 

due to the difference in the way arrival times are measured with the two 
different transducers. Furthermore, the shift is about same as the differ

ence in BQ as measured with the EMAT and the PZT transducer.
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Stress Measurement

Since we were able to measure BQ for the wheel (due to the sawcut), we 
can convert the birefringence measurements to stress. We used the same value 

of the stress-acoustic constant, CA - -7.6(10”^)/MPa, that was used in 

Refs. 1,2 and subtracted BQ from B to obtain Oq - or; see equation (6). The 
results obtained are shown in Fig. 7 for EMAT and PZT.

There are several interesting features about this figure. First, notice 

that the peak stress occurs at 180° circumferentially around the wheel from 

the sawcuts. This is in qualitative agreement with results obtained by 

researchers at the Transportation Test Center [8]. They found that saw

cutting relieved the stress near the cut, but left the stress 180° from the 

cut almost unchanged.
The second interesting feature about Fig. 7 is the good agreement 

between EMAT and PZT results. In fact, the difference of peak stress as 

measured with the different transducers in less than 10 MPa. This agreement 

shows that there was indeed a constant difference in birefringence measure

ments between PZT and EMAT; since we subtract B-BQ to obtain oe - or, the 

differences cancel out.

A third feature of note is that the EMAT results are almost symmetric 

about 180° (the line opposite sawcuts). In fact, if the residual stresses 

(due to casting and braking), and the degree of texture were homogeneous, 

then one would expect o0 - or to display this symmetry (about 180°) after 
sawcutting. The symmetry of the EMAT results is pleasing, since it does 
indicate that the residual stresses and the texture were axisymmetric prior 
to sawcutting. We hope to check this hypothesis of axial symmetry by 
measurements on an uncut wheel.
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For the EMAT, we made measurements not only on the milled regions, but 
also at other locations where we used various surface preparation treatments. 
At some locations, we merely removed a layer of rust with abrasive paper 
leaving a surface consisting of both bright metal and pits. At other 
locations, we used a handgrinder followed by hand sanding with abrasive 

paper; the resulting surface was smoother, but still contained pits. At 

other locations, we used only abrasive paper, but sanded for a longer time 

than when merely removing rust; the surface finish was intermediate between 

rust-removed surfaces and surfaces cleaned with a handgrinder.

The results obtained using the EMAT on these various surfaces are indi

cated by different symbols in Fig. 7. Qualitatively, it appears that the 
degree of surface preparations is not particularly significant as far as EMAT 

measurements are concerned. For instance, the EMAT data from 0° to 90° 
agrees quite well with PZT data, except for two points which are off the PZT 

curve; however, even these points are only off by 25 MPa. For 180° to 360°, 

the EMAT data is, as mentioned above, approximately the mirror image of the 

data from 0° to 180° (symmetry about the 180° line).

Recall that we expected systematic errors 6t0, 6tr in PZT measurements 

of arrival times. The effect of these errors appears to have cancelled out 

in taking the difference B - BQ to obtain stresses, since EMAT and PZT 

measurements of oQ - or are in good agreement.

CONCLUSIONS
We have developed a simple time-interval-averaging system which allows 

us to measure arrival times with a precision of ± 1 ns or better, using 
SH-waves propagating through the rim of a cast steel railroad wheel. This
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precision was obtained with a PZT transducer and also with an EMAT, both 
operated in the pulse-echo mode.

We used our EMAT to measure the variation in arrival times on regions 

next to the sawcut in our wheel. For these cases, the hoop stress (assumed 

much larger than the radial stress) vanished, so differences in arrival times 
are due to texture induced by casting the wheel. We found that when the 

SH-wave was polarized in the radial direction, it had the fastest arrival 

time; the slowest arrival time occurred for polarization in the circumferen

tial direction. Furthermore, the arrival time displayed an approximately 

sinusoidal variation with polarization angle. This satisfies a necessary 

condition for the wheel texture (averaged through the rim thickness) to be 
orthotropic. The material symmetry axes for the rim appear to be oriented in 

the thickness, radial, and circumferential direction.
This allows us to use the current theories of acoustoelasticity, which 

assume orthotropic symmetry t3,^]. The birefringence is related to stress 

through equation (3); the angle <p between pure-mode polarization directions 
(acoustic axes) and the material symmetry axes is related to stress through 

equation (2).

We measured the angular variation of arrival time at a stressed location 

and again found that the fastest and slowest arrival times occurred for 

SH-waves polarized along the radial and circumferential directions, 

respectively. Since the acoustic axes still correspond to the material 

symmetry directions (41 - 0), equation (2) shows that there is no shear stress 

(orQ « 0). The relation between birefringence and stress can be simplified 
to

B " B0 - CA (oe - or). (6 )
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In order to obtain the hoop stress a0 (assuming negligible or), we must 
first obtain the unstressed birefringence (which is due to casting-induced 

texture). We were able to do this for the sawcut wheel by measuring the 
birefringence on either side of the sawcuts (locations 1 and 2). We did this 

with both the EMAT and PZT transducer; we found a small difference (about 

1.0(10"*)) in Bc as measured by the two transducers.
We measured the birefringence at different locations around the circum

ference of the wheel. In order to avoid damage to the PZT transducer, we had 
certain regions of the rim milled and then hand-polished. We measured B at 

these regions (1-6) with both types of transducers and found that the EMAT 
values were usually slightly larger than the PZT values (about 1.0(10“*)).

We also measured B at other locations with just the EMAT. The rim was 

subjected to various kinds of surface preparation at these locations. We did 

this so that we might characterize the relation between quality of EMAT 

measurements and degree of surface preparation.
Finally, we converted our values of B - BQ to hoop stress, and compared 

EMAT and PZT results. We found that the peak stress occurred at the 180° 

position (opposite the sawcuts), as expected. The peak stress as obtained by 

the EMAT was within 10 MPa of the stress obtained by the PZT transducer. We 

also obtained good agreement at the other milled locations as well.

The stress displayed a high degree of symmetry about the 180° position, 
indicating that the texture is axisymmetric, and that the hoop stress was 
axisymmetric before sawcutting. The EMAT results also indicated reliable 
measurements of B could be obtained with minimal amounts of surface 
preparation, e.g., using a handgrinder.
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The good agreement between EMAT and PZT results indicates that in field 
applications, the former can be used instead of the latter. This is impor

tant, since the EMAT requires less surface preparation, operates with a 
simpler mounting fixture, needs no couplant, and can be easily scanned and 
rotated. Some of the disadvantages of the EMAT (such as poor signal-noise 
ratio) have been overcome with our system, which uses carefully matched 

electronics to minimize noise. Furthermore, the time-interval averaging 

feature of our velocity measurement system allows us to operate in an r.f. 

environment which approximates conditions in the field.

Clearly, much remains to be done in the future. We hope to make addi

tional measurements on uncut wheels to determine, for example, whether the 
stress and texture are axisymraetric. We also will measure the birefringence 

as a function of radial position. We hope to develop a method of determining 

Bq on uncut wheels, and, finally, to determine oe by ultrasonic results.
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APPENDIX

EMATs have a relatively low signal/noise ratio. Consequently, our time- 
interval probes will often trigger (generate a square-wave pulse) on noise as 

well as on the zero crossings in the echo. It is necessary to reject these 

spurious pulses when measuring arrival times.

On thin aluminum plates, we had found that using an analog gate was a 

satisfactory solution [9]. However, this solution was found to be unsatis

factory for thick steel sections such as the rim.
We therefore adopted the following approach. Rather than gate out the 

echo and send the gated signal to the probe, we simply gated out the 
desired probe pulses from the undesired pulses. (The former pulses, of 
course, correspond to zero crossings in the echo, and the latter to noise.) 

The gating was accomplished using digital logic circuits, rather than analog 
circuits. This resulted in less signal distortion (to avoid changing the 

apparent arrival time).
The circuits (shown in Fig. 8) work as follows. Voltages from the 

probes were ocnverted from the range -0.5 V to +0.5 V to digital logic 

circuit levels (TTL) by using a fast preamplifier/level shifter. The pre

amplifier had a typical rise time of about 6 ns so that it could follow the 
rapid rise times of the probe pulses. After a time delay (which we can 

vary), a "one-shot" device is triggered. This causes the voltage on one 
terminal of a logic gate (AND gate) to be at logical level "1" (+ 5 volts). 
The signal from the preamplifier is input to the other gate terminal. When 
the probe generates the leading edge of a square wave pulse, (and the pre
amplifier correspondingly generates the leading edge of a TTL pulse) both
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terminals of the AND gate will be at logical level "1" and the gate output will 
also be at logical level "I" (5 volts). When the probe generates the falling 
edge of the square-wave pulse, the gate output returns to logical level "0" 
(zero volts). Consequently, the AND gate output essentially replicates the 

probe pulses.

The gate output goes to the STOP channel of the counter. The trigger 

level of the counter can be set to stop the counter when it receives a volt

age anywhere in the level - 5 to + 5 volts. We adjusted the trigger level to 
obtain the optimum precision (better then ±1 ns) in arrival times.
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